and experience-dependent factors. Some response properties of sensory neurons are present 1 0 0 before sensory experience. At the onset of visual experience, neurons in carnivore V1 already 1 0 1 exhibit tuning for stimulus orientation, spatial frequency, and temporal frequency, and this 1 0 2 tuning is elaborated or altered by experience-dependent processes (Chapman and Stryker, 1993; 2008; Van Hooser et al., 2012; Smith et al., 2015) . To study the influence of experience on cross-orientation suppression and size tuning, we 1 0 9 compared visual receptive field properties in dark-reared animals and typically-reared animals at 1 1 0 several ages. Additionally, we exposed some dark-reared animals to several hours of viewing where R s is the spontaneous firing rate, c is contrast, fitting parameters are contrast at half peak 3 1 0 response (c 50 ), gain (g), and exponent (n). Relative maximum gain (RMG) was calculated from 3 1 1 the fits as maximum slope of the contrast response curve when the difference between maximum and indicates the degree of "supersaturation" of the contrast response (that is, the amount the overlap of the stimulus and a circle of radius R max_stim :
When the stimulus was an aperture, the modulating response was:
We quantified size tuning using two measurements, the size modulation parameter Sm, and the Cross orientation suppression was characterized in all cells using circular plaid stimuli consisting 3 3 9
of two superimposed drifting sinusoidal gratings. One of the component gratings was assigned The plaid multiplier, Pm, is used to quantify the magnitude of the suppression of the response to denote lower values of cross-orientation suppression. cross-orientation-suppression or size tuning -furthermore experience with multiple orientations 3 7 2 or objects of varying size might be necessary. The third experimental group was designed to test 3 7 3 just that -whether the quality of visual experience influences the emergence of cross-orientation-3 7 4 suppression and size tuning. We examined the refinement of receptive field properties at times related to the anatomical 3 7 7 maturation of the visual cortical circuit (White and Fitzpatrick, 2007) . Long-range horizontal 3 7 8 connections extending for millimeters across the cortical surface exhibit adult-levels of 3 7 9 complexity at around postnatal day 35-45 (Durack and Katz, 1996; Ruthazer and Stryker, 1996 ; Although cross-orientation suppression was present in all experimental groups, the amount of 4 0 6 suppression that we observed varied slightly with age and experience. We quantified cross-4 0 7 orientation suppression with a plaid multiplier P m , that compared the actual response to a plaid linear summation, and a value less than 1 indicates cross-orientation suppression. The Kruskal- typically-reared animals showed an increase with experience at P40 (compared to dark-reared 4 1 4 animals), but this initial increase in suppression was followed by a subsequent decrease at P60 4 1 5 and P90. Size tuning is another parameter whose developmental profile has not been examined previously. Studies (Gilbert, 1977; Chisum et al., 2003) have shown that cells can exhibit a wide variety of 4 2 1 responses to large stimuli. Some cells merely plateau in response to increasing stimulus size field keep increasing (Figure 5c ). We observed all of these response types in our animals. To evaluate these responses quantitatively, we developed a fit function that included a Gaussian degree of surround modulation was quantified by a single parameter, Sm, that was negative when 4 3 0 stimulation of the surround was suppressive and was positive when the stimulation of the 4 3 1 surround was enhancing. This parameter took values near 0 when surround stimulation did not reared animals to 5.4° in the P90 animals. This maturation coincides with the peak synapse 4 5 0 density in layer 2/3 in ferret (around P90) (Erisir and Harris, 2003; White and Fitzpatrick, 2007) . Previous studies have found that orientation selectivity is present at the time of eye opening and 4 5 5 that it increases with the onset of visual experience (Chapman and Stryker, 1993; White et al., 4 5 6 2001; Li et al., 2006) . Direction selectivity, on the other hand, is almost entirely absent at the 4 5 7 time of eye opening, emerges over several days, and requires visual experience (Li et al., 2006) .
5 8
Our results largely recapitulated these prior observations: dark-reared animals exhibited 4 5 9 moderately strong orientation selectivity that increased with visual experience, and dark-reared 4 6 0 animals exhibited very weak direction selectivity that was also increased by visual experience (3-9 hours) of experience with a moving visual stimulus is sufficient to cause the rapid 4 6 6 emergence of direction selectivity and a concurrent increase in orientation selectivity (Li et al., 4 6 7 2008; Van Hooser et al., 2012; Ritter et al., 2017) . However, for methodological reasons, these transient. In this study, recordings were obtained 1-5 days after the last training session, allowing 4 7 1 us to address this possibility. Dark-reared and trained animals exhibited direction selectivity that 4 7 2 was intermediate between dark-reared animals that did not have training and animals with typical 4 7 3 visual experience. P40 dark-reared animals exhibited direction selectivity that was significantly 4 7 4 lower than P40 typically-reared animals. A direct comparison between dark-reared animals and 4 7 5 trained dark-reared animals did not reach significance (p=0.09, Kruskal-Wallis test), but trained 4 7 6 and dark-reared animals exhibited direction selectivity that was not different from typically- stimulus did produce relatively lasting, if small, changes in receptive field properties. Finally, we were surprised to observe that direction selectivity changes non-monotonically with 4 8 2 age. We observed the strongest direction selectivity in P40 animals that were typically reared. Spatial frequency preference showed a substantial and expected dependency on experience.
9 0
Spatial frequency was characterized in all cells using drifting sinusoidal grating stimuli of 4 9 1 varying spatial frequency ([0.05, 0.1, 0.15, 0.2, 0.3, 0.5, 0 .8] cycles per degree visual angle), 4Hz 4 9 2 temporal frequency, 100% contrast, and orientation and direction fixed at the previously 4 9 3 established optimal value for each cell. As expected from previous reports, cells from animals in 4 9 4 the P40 age group prefer lower spatial frequencies regardless of rearing condition (Figure 8ab) , 4 9 5 consistent with the lower resolution of vision in younger animals (Freeman and Marg, 1975; 4 9 6 DeAngelis et al., 1993; Tavazoie and Reid, 2000; Heimel et al., 2007) . In the two older groups, 4 9 7 P60 and P90, spatial frequency preference shifted towards higher frequencies. There was also a 4 9 8 noticeable diversification of SF preferences with age -SF preferences of individual cells in 4 9 9 younger animals were more tightly clustered. Conversely, in older animals, cells preferred higher 5 0 0
SFs, and their preferences had a larger spread. Temporal frequency preferences were subject to fewer differences across the experimental 5 0 3 groups compared to selectivity to other features. Temporal frequency was characterized in all 5 0 4 cells using drifting sinusoidal grating stimuli of varying temporal frequency ([0.5, 1, 2, 4, 8, 16 , 5 0 5 32] Hz), 100% contrast, and spatial frequency, orientation, and direction fixed at the previously 5 0 6 established optimal value for each cell. Cells from animals in the P40 and P60 age groups 5 0 7 preferred lower temporal frequencies regardless of rearing condition (Figure 8cd ). In the P90 5 0 8 age group, TF preference shifted slightly towards higher frequencies, but these changes were 5 0 9 quite modest. Contrast tuning was subject to subtle differences across the different animal groups. Contrast (2%, 4%, 8%, 16%, 32%, 64%, 100%), and with temporal frequency, spatial frequency, and 5 1 6 direction fixed at the previously established optimal values for each cell (Figure 9 ). There were 5 1 7 no statistically significant differences among relative maximum gain (RMG) for different 5 1 8 conditions (Figure 9b ). There were small but significant differences in the amount of 5 1 9 "supersaturation" that was exhibited by neurons in this different groups. The median value for all 5 2 0 groups was very close to 0 (no supersaturation) but a few cells were substantially suppressed at 5 2 1 the highest contrast (Figure 9c) . Overall, visual experience and age appeared to have only a 5 2 2 modest impact on contrast responses. One major parameter that exhibited a large change with age was evoked firing rate. The 5 2 7 maximum evoked firing rate was taken to be the strongest trial-averaged response to sinusoidal grating stimulation that we observed -that is, the response measured at the preferred direction, spatial frequency, temporal frequency, and best contrast. Evoked maximum firing rates began at 5 3 0 around 10Hz in young animals, but increased substantially in the P90 animals to about 20Hz on experimental condition on firing rate (χ 2 (4) = 23.00, p < 0.05). We observed no difference in median evoked firing rate across the three rearing conditions at P40, but large firing rates 5 3 4 (>40Hz) were only observed in the two older groups. These findings suggest that the network 5 3 5 changes that support high firing rates are still emerging, even after 1 month of visual experience 5 3 6 (P60). We characterized the role of visual experience and age on the development of V1 receptive field 5 4 1 properties in ferret. We found that cross-orientation suppression and surround suppression are 5 4 2 present regardless of whether the animal has had any experience with visual stimuli. In addition, 5 4 3
we found that increases in direction selectivity that are produced by short-term exposures to 5 4 4 moving visual stimuli are retained over days. Direction selectivity reached a peak at P40 and 5 4 5 decreased slightly in older animals. Finally, we observed that two features, length summation 5 4 6
and high evoked firing rates, were primarily found in the oldest animals (P90). Brain imaging studies have also found that contrast-dependent suppression is precisely and Tobin, 1972; Gilbert, 1977; DeAngelis et al., 1994; Sengpiel et al., 1997) , monkey (Hubel human (Williams et al., 2003; Zenger-Landolt and Heeger, 2003) . Due to the importance of normalization and contextual interactions to selectivity in the presence 5 6 7 of multiple stimuli, including in natural scenes (Barlow, 1961 (Barlow, , 1972 Bauman and Bonds, 1991 ; possible that sensory experience with multiple stimuli or objects of various sizes might be 5 7 1 necessary for the expression of cross-orientation suppression and surround suppression, or at 5 7 2 least its refinement. Our results provide strong evidence that sensory experience is unnecessary selectivity, these features are robustly present at the onset of visual experience and in dark-reared 5 7 5 animals, and were not greatly impacted by varying levels of experience. The circuit mechanisms of cross-orientation suppression and size tuning are unknown. Some Ferster, 2006), or that the inhibition arises via feedback connections from higher cortical areas 5 8 5 (Angelucci et al., 2002; Angelucci et al., 2017) . Our results do not allow us to choose among 5 8 6 these alternatives, but we can make one inference. Dark-reared animals showed strong cross- We observed the highest percentage of length-summing cells and the highest evoked firing rates 5 9 3 in animals that had attained approximately 2 months of visual experience (P90). What circuit 5 9 4
properties are modified at this time? The long-range horizontal connections are anatomically 5 9 5 established by P35-45 (Durack and Katz, 1996; Ruthazer and Stryker, 1996; White et al., 2001) , Figure 1 . Experimental groups. We studied the development of receptive field properties while varying visual experience and age. We reared three groups of animals until approximately postnatal day 40 (P40, see Methods) according to different protocols. One group (typically-reared, P40) was provided 12 hours of normal light each day. Another group (dark-reared P40) was raised in darkness from P28 (about 3-5 days before normal eye opening) and had very impoverished visual experience. A third group (dark-reared and trained, P40) was raised in the dark from P28 but was provided with 14-16 total hours of experience with simple sinusoidal grating stimuli over several sessions. These groups were compared to animals with approximately 1 month of typical visual experience (typically-reared, P60) and approximately 2 months of visual experience (typically-reared P90). As expected from previous studies, both orientation selectivity and direction selectivity exhibit increases with experience. Unexpectedly, direction selectivity reached a peak at P40/P60 and reduced slightly at P90, consistent with the idea that direction selectivity does not develop in a monotonic manner. 1, 2, 4, 8, 16, and 32 Hz (bottom to top). As expected from previous studies, and consistent with decreases in receptive field size that are reported in Figure 6 , spatial frequency preferences exhibited slight increases with age, indicating that the spatial resolution of visual processing increases with age. Temporal frequency preferences were relatively constant over the ages and rearing conditions studied here. .25
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saturation index c d RMG Figure 10 . Firing rate across experimental conditions. Red lines indicate pairwise differences (Kruskal Wallis test, Bonferroni corrected) significant at p<0.05. The oldest animals exhibited substantially higher firing rates than younger animals.
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